The nonhomologous end-joining (NHEJ) pathway is responsible for rejoining the majority of double-strand breaks in mammalian cells, including the programmed breaks introduced by V(D)J recombination. The regulation of the enzymatic activities associated with this recombination pathway is still largely unknown. Here we report that human XRCC4 (for X-ray cross-complementation group 4), a protein essential for NHEJ, is subject to posttranslational protein modification. The modifier peptide, SUMO, can be added to XRCC4 both in vitro and in vivo. The site of modification is mapped to lysine 210 by using specific mutagenesis. A protein mutated such that it cannot be SUMOylated remains localized in the cytoplasm rather than accumulating in the nucleus. Cells expressing only the mutated protein are radiation sensitive and fail to complete V(D)J recombination. Genetic fusion of the SUMO sequence to the C terminus of the mutant restores nuclear localization and radiation resistance. The modification may serve a regulatory role. Our finding fits with an emerging literature associating SUMO modification with the control of the repair and recombination associated with DNA breaks. Double-strand DNA breaks (DSBs) arise naturally by means of a variety of mechanisms including direct breakage by ionizing radiation, replication of a nicked template, or enzymatic cleavage. Such events are likely to be lethal to a cell if left unresolved, so mechanisms to repair these lesions are quite important. The method that is used most commonly in mammalian cells is the nonhomologous end-joining (NHEJ) pathway (reviewed in references 24, 27, and 48). This pathway is of particular interest to immunologists because it is also essential for the completion of V(D)J recombination, the programmed DNA rearrangement that assembles the antigen receptors of B and T cells (reviewed in references 28 and 44).
Double-strand DNA breaks (DSBs) arise naturally by means of a variety of mechanisms including direct breakage by ionizing radiation, replication of a nicked template, or enzymatic cleavage. Such events are likely to be lethal to a cell if left unresolved, so mechanisms to repair these lesions are quite important. The method that is used most commonly in mammalian cells is the nonhomologous end-joining (NHEJ) pathway (reviewed in references 24, 27, and 48) . This pathway is of particular interest to immunologists because it is also essential for the completion of V(D)J recombination, the programmed DNA rearrangement that assembles the antigen receptors of B and T cells (reviewed in references 28 and 44) .
One of the indispensable proteins in the NHEJ pathway is XRCC4. This protein forms higher-order complexes with itself (35) and DNA ligase IV (5, 10) and is necessary for NHEJ activity in vivo. Since ligase IV alone is capable of joining DNA as a purified protein (42) , the role of XRCC4 appears to be regulatory, perhaps through a structural contribution to the repair complex.
Our previous finding of a ubiquitin ligase activity in RAG1 suggested that posttranslational peptide modifications may contribute to the regulation of V(D)J recombination (45, 62) . The recognition of covalent modification of a protein by the addition of a peptide modifier was first recognized for ubiquitylation (reviewed in references 39 and 60). Subsequently, other peptide modifiers have been found (more than 15 to date), the addition of which leads to diverse consequences for the target proteins. Among these modifiers are the SUMO proteins, whose name derives from the phrase "small ubiquitin-related modifier." The biochemistry and physiologic significance of this modification pathway have been recently reviewed (8, 13, 19, 36) . SUMO modification is detected in several proteins concerned with DNA repair, including topoisomerases (2, 18) , the base excision glycosylase TDG (12, 52) , a complex including the yeast Ku70 (64) , Ku80 (9) , and the BLM helicase (7) .
In examining the protein sequence for human XRCC4, we recognized the presence of conserved motifs that could function as targets for modification by SUMO. Here we report that XRCC4 is subject to posttranslational protein modification by the SUMO pathway both in vitro and in vivo and found that the modification controls intracellular localization. We then explored some of the physiologic consequences of interfering with the SUMOylation of XRCC4.
PCR mutagenesis to add the SUMO-1 coding region in frame to the C terminus of XRCC4 in the vector above.
GST-PKA-SUMO1 was made from the GST-SUMO1 plasmid provided by R. Hay (University of St. Andrews, St. Andrews, Scotland) by cloning the coding region of SUMO-1 into the pGEX-2TK vector (Amersham Biosciences, Piscataway, NJ). The HA 3 -SUMO1 construct was provided by N. Agus-Schreiber (Albert Einstein College of Medicine, Bronx, NY). The SAE1/2-, Ubc9-, and GST-PML-expressing plasmids were provided by R. Hay. Myc-PIAS3 and Myc-PIAS X␤ (Miz1) plasmids were provided by M. Lechner (Drexel University, Philadelphia, PA). Myc-PIAS1 and Myc-PIAS1 C345,350,355S (the dominantnegative version) plasmids were made from the Escherichia coli GST-PIAS1 expression constructs provided by X.-H. Feng (Baylor College, Houston, TX) by cloning into the pCMV-Tag3B vector (Stratagene). HA-ubiquitin plasmid was provided by D. Bohmann (University of Rochester, Rochester, NY).
Mouse RAG1 cDNA encoding residues 1 to 1008, followed by the triple Myc tag (pMS119C) (46) was corrected to match the genomic sequence. Full-length T7 epitope-tagged RAG2 in pCAT7-Neo, kindly provided by R. Mizuta (Tokyo University of Science, Tokyo, Japan) (33) was used. The pJH200 and pJH290 extrachromosomal substrates for V(D)J recombination (14) were kindly provided by the lab of M. Gellert (National Institutes of Health, Bethesda, MD).
Protein purification. E. coli produced glutathione S-transferase (GST)-tagged proteins were purified from the cleared lysates by affinity chromatography on glutathione-Sepharose (Amersham Biosciences, Piscataway, NJ) according to the manufacturer's protocol. Purification of the SAE1/SAE2 fusion protein expressed in E. coli was performed according to the recommendations of R. Hay.
Proteins from eukaryotic cells were harvested into radioimmunoprecipitation assay buffer (150 mM NaCl; 50 mM Tris-HCl, pH 8.0; 1% NP-40; 0.5% sodium deoxycholate; 0.1% SDS) with protease inhibitor cocktail (Roche Applied Sciences, Indianapolis, IN). To preserve SUMOylation, cells were lysed in the presence of 5 mM N-ethylmaleimide (Fisher Scientific, Pittsburgh, PA).
Extraction into nuclear and cytoplasmic fractions was performed by Triton X-100 extraction in 3 mM MgCl 2 as previously described (46) and by means of the NE-PER extraction kit (Pierce, Rockland, IL).
In vitro SUMOylation. Radioactively labeled SUMO-1 was obtained by expressing the GST-PKA fusion protein in E. coli, binding the protein to glutathioneSepharose beads and phosphorylating it on the beads by using cAMP-dependent protein kinase A catalytic subunit (New England Biolabs, Beverly, MA) and [ 32 P]ATP (Amersham Biosciences). The resulting protein was cleaved from the GST partner by using biotinylated thrombin, which was subsequently removed by binding to streptavidin agarose (EMD Bioscience, Madison, WI). A total of 10 5 cpm of 32 P-labeled SUMO-1 was used and assembled as described previously (56) with 0.5 M SAE1/SAE2 and 1.5 M Ubc9 enzymes (prepared in our laboratory or purchased from Boston Biochem, Cambridge, MA) in a 20-l reaction. SUMOylation was performed by using target proteins bound to glutathione-Sepharose beads for 90 min at 30°C. The modified proteins were washed three times with phosphate-buffered saline, eluted in SDS sample buffer, separated by SDS-PAGE, detected by autoradiography, and quantified by using the PhosphorImager and ImageQuant software (Amersham Biosciences).
Cell culture and stable cell lines. CHO.XR-1 (25, 51) and CHO-K1 (ATCC, Manassas, VA) cells were grown in F-12/DMEM medium (CellGro, Herndon, VA) supplemented with 10% fetal bovine serum, 100 U of penicillin/ml, and 100 g of streptomycin/ml. Cells were transfected with plasmids by using Fugene-6 (Roche Applied Bioscience, Indianapolis, IN) according to the manufacturer's protocol. For stable cell line selection, 0.5 mg of Geneticin (Invitrogen)/ml was added to the culture medium 24 h after transfection. Cells were incubated in Geneticin-containing medium for 15 days. The medium was refreshed twice a week. Cell lines were generated from single cells cloned by dilution and maintained in 0.25 mg of Geneticin/ml.
Immunoprecipitation and Western blotting. Anti-FLAG immunoprecipitation was performed by using EZview Red Anti-FLAG M2 affinity gel (Sigma-Aldrich). Typically, 100 to 500 g of total protein was used for immunoprecipitation in radioimmunoprecipitation assay buffer containing a final concentration of 0.5 to 1.0 mM N-ethylmaleimide. HRP-labeled antibodies against FLAG (SigmaAldrich) and HA (Roche Applied Science) were used to avoid cross-reaction with immunoglobulin heavy chains when we visualized the blots. ECL and ECL Plus Western blotting reagents (Amersham Biosciences) were used for detection. Anti-HA immunoprecipitation was performed similarly using Mono-HA Affinity Matrix (Covance, Berkeley, CA).
Immunofluorescence. For immunofluorescence microscopy, cells were grown on coverslips at 2 ϫ 10 4 cells per slip, fixed with paraformaldehyde, and visualized by using FITC-conjugated anti-FLAG M2 monoclonal antibodies (SigmaAldrich) after counterstaining with DAPI (4Ј,6Ј-diamidino-2-phenylindole).
Images were acquired with a Zeiss Axioskop 2 microscope equipped with a digital camera. The resulting image files were processed and assigned false colors by using Photoshop software (Adobe, San Jose, CA). V(D)J extrachromosomal recombination assay. The extrachromosomal V(D)J assay was performed largely as described previously (14) . CHO.XR-1 cells transfected with Myc-XRCC4 or its point mutants, or derived lines stably expressing a form of XRCC4, were cotransfected with RAG1-Myc, T7-RAG2, and a substrate plasmid. DNA was extracted at 48 h posttransfection by the method of Hirt (15) and digested with DpnI (New England Biolabs, Beverly, MA) to select for molecules that had replicated. E. coli DH5␣ was transformed by electroporation using a BTX ECM399 electroporator (Inovid Biomedical Corp., San Diego, CA). The efficiency of recombination is the ratio of colonies that grow on Amp ϩ
Cam
ϩ selective plates to the number of colonies that grow on Amp ϩ selective plates alone, corrected by confirming recombination events for a representative sampling by direct sequencing. The junctions were sequenced with the primer 5Ј-TGAGCGCAACGCAATTAATGTGAG-3Ј.
Radiosensitivity assay. Cells (10 3 ) were plated and exposed to a range of ionizing radiation doses using a 137 Cs source. Incubation under growth conditions was continued for 8 days, at which time cell colonies were fixed with 70% ethanol, stained with crystal violet, and counted as described previously (61) .
RESULTS
Human XRCC4 is a 336-amino-acid protein composed of three major structural domains. There is an N-terminal globular domain (residues 1 to 119) with DNA-binding activity (34) , a long helical stem that is responsible for multimerization and interaction with ligase IV (residues 119 to 203) (21, 50) , and a C-terminal tail for which no enzymatic function is currently defined but may harbor a nuclear localization signal. Substantial portions of the C-terminal tail are dispensable for V(D)J recombination and NHEJ in cells (10) .
Posttranslational peptide modifiers can be joined to a target protein at free amino groups, commonly lysine residues. For SUMO modification, additional local sequence preferences are often detectable. We examined the sequence of XRCC4 for the consensus motif common at SUMO targets, ⌿KXE (43, 47) , where ⌿ represents a large hydrophobic residue, using the online tool SUMOplot provided by Abgent. Although SUMOylation is not always restricted to such sites, the data presented below show that the analysis provided a useful match in this case. The two candidate sequences with the best match to the consensus were IKQE surrounding K210 and AKNE at K140.
SUMO is conjugated to its target by means of a series of enzymatic steps requiring an E1 and an E2 enzyme analogous to ubiquitylation. In contrast to ubiquitylation, an E3 enzyme often is not required in vitro although the presence of an E3 can promote the reaction and is required in vivo. We first tested the XRCC4 protein as a potential substrate for SUMOylation in an in vitro SUMOylation assay (54, 56) using as a target GST or GST fusion proteins bound to glutathioneSepharose beads. The reaction was assembled with the SUMO E1 (SAE1 and -2 either as a heterodimer or coexpressed as a single protein) and E2 (Ubc9) enzymes, SUMO-1, and ATP. In the experiment presented in Fig. 1 , we used a 32 P-labeled form of SUMO-1. Lane 1 shows the labeling of a known SUMO target, an 11-residue PML peptide expressed as a GST fusion (54) . The band at 45 kDa is close to the anticipated mobility for the fusion protein (28 kDa) plus the addition of the SUMO peptide (13 kDa). The XRCC4 fusion protein (64 kDa) generates a prominent signal at 85 kDa (lane 2). GST protein alone (lane 3) is not a good substrate for the reaction and shows only a background level of signal that may correspond to contaminating proteins. As similar quantities of protein were VOL. 26, 2006 SUMOylation of XRCC4 1787 reacted in each of lanes 1 to 3, SUMOylation of the XRCC4-fusion appears comparably efficient to the PML fusion in this system. Lane 4 represents the reaction mixture with no additional target protein added. Some of the weakly labeled bands that appear throughout seem to represent SUMOylation of the E1 and E2 enzymes (lane 4). The molecular masses of the unmodified enzyme components are 71 and 38 kDa for SAE1 and -2 and 18 kDa for Ubc9. We used the same assay to determine whether the site of SUMOylation corresponded to either of the two predicted sites by mutating the two lysines K140 and K210 individually to the charge-conservative arginine or to alanine and then testing the resulting proteins. Figure 2A is the gel, stained with Coomassie brilliant blue, which shows comparable loading of the purified proteins appearing as the band in each lane at 70 kDa. Figure 2B shows that mutation of K210 to either alanine or arginine (lanes 3 and 4, respectively) eliminates the specific labeled product that appears at 85 kDa in lanes 1, 2, and 5. In contrast, mutation of K140 had no effect. This indicates that K210 is essential for SUMOylation and appears to be the only site of modification in this assay. Since similar behavior was seen with both K210 mutants, further experiments were confined to the K210R version since it is the more conservative change.
Next, we confirmed that a similar behavior could be obtained in mammalian cells. We expressed a FLAG epitopetagged version of human XRCC4 along with an HA-tagged version of SUMO-1 by transient transfection of CHO.XR-1 cells that do not express endogenous XRCC4 (25, 51) . XRCC4 protein was purified from the cell extract by immunoprecipitation with agarose-immobilized anti-FLAG antibody and then blotted and visualized with either anti-FLAG or anti-HA antibodies. Figure 3A shows an intense band in all lanes representing the unmodified XRCC4 protein at an apparent mobility of 65 kDa. A weaker second band is observed at 95 kDa in lane 1, representing the wild-type protein, and lane 3, the mutant at K140. That band is substantially reduced in lane 2 representing the K210R mutant. The identity of this second band as the SUMO modified form is confirmed by Fig. 3B , in which a parallel blot of the same immunoprecipitated proteins is developed with antibody directed against the HA epitope tag on the SUMO peptide. Again, the K210R lane is strikingly reduced, indicating that this mutation is sufficient to prevent SUMOylation. We note a minor band at 90 kDa, the identity of which is uncertain. This might represent a SUMOylated protein that coprecipitates with XRCC4. A low level of residual SUMOylated protein may be present in lane 2 that may indicate a small degree of SUMOylation at another site in the protein. Nevertheless, the majority of SUMOylation is prevented by mutation of K210. We conclude that SUMOylation of XRCC4 occurs in these cells under conditions where no effort was made to induce or overexpress the enzymes associated with this reaction. We note that the intensity of the upper band implies that the steady-state level of the SUMOylated form is only a few percent. This is also true for other SUMOmodified proteins (for examples, see references 29 and 57) and, in part, represents the dynamic and reversible nature of this modification owing to the continuous activity of SUMOisopeptidases (30) . We determined whether coexpressing other enzymes known to contribute to this modification pathway would influence the degree of SUMOylation at steady state. Figure 4 shows that the abundance of the SUMOylated form can be raised in this way. As in the previous experiment, each lane represents FLAGtagged XRCC4 protein expressed transiently along with HAtagged SUMO-1 in CHO.XR-1 cells. The resulting proteins were immunoprecipitated using anti-FLAG antibodies, analyzed by SDS-PAGE, and visualized after blotting by antibody directed against the FLAG epitope. The major product is the unmodified protein at 65 kDa. The mono-SUMOylated form is visible at 95 kDa, and higher forms representing multiple SUMO modifications can also be recognized. Although polySUMOylation has been reported before, the significance is not clear (4, 54) . The identity of these bands as SUMO-containing proteins was confirmed by parallel blots visualized with anti-HA antibody directed against the tag on the SUMO-1 moiety (not shown). Lane 1 shows again that the fraction SUMOylated in the absence of other transfected factors (lane designated "no add") is only a small percentage of the unmodified protein. In contrast, overexpressing Ubc9, the unique E2 for the SUMO pathway, raises the SUMOylated fraction to about one-third of the total. Raising Ubc9 levels is expected to increase the degree of SUMOylation nonspecifically, but raising the levels of a SUMO E3 protein targets particular substrates. Lanes 3 to 5 represent the products of cells transfected with one of the following E3 proteins per lane: PIASx␤ (also known as Miz1 or one isoform of PIAS2) (31), PIAS3 (37) , and PIAS1 (26, 38) , respectively. Both PIAS1 and PIASx␤ raised the fraction of the SUMOylated form, the latter by a substantial degree to ca. 15% of the total. The form of PIASx␤ we used was truncated to begin at amino acid residue 138, thereby removing the N-terminal DNA-binding domain of this protein. Full-length PIASx␤ is known to activate and repress transcription in response to DNA damage (59) . Our result indicates it may have a direct role in regulating DNA repair as well purely as a SUMO E3 ligase. Lane 6 represents cells transfected with a dominant-negative form of PIAS1 containing the three point mutations C345, 350, and 355S in the conserved RING motif (26) . The SUMOylated form is slightly reduced from that in lane 1 in this and other repetitions of this experiment (not shown). This may indicate that PIAS1 contributes to the low level of SUMOylation seen when no additional enzymes are added. 
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We investigated whether the SUMOylated form of XRCC4 differed in biochemical behavior from the unmodified form. Human XRCC4 residues 180 to 213 are known to be critical for dimerization and higher-order structure (21, 50) . We sought to determine whether prevention of SUMOylation by mutation of K210 altered this behavior. Using protein produced by transient expression of individually tagged forms of the protein in CHO.XR-1 cells, we found that the non-SUMOylated K210R protein coprecipitated with the SUMOylated form of the normal protein (data not shown). In a DNA-binding assay, both the SUMOylated and the non-SUMOylated forms copurified (see Fig. S1 in the supplemental material). We detected no difference in the extent of ubiquitylation (see Fig. S2 in the supplemental material) or the kinetics of protein breakdown in the K210R mutant compared to the parental XRCC4 protein (data not shown). Although there are situations in which SUMOylation and ubiquitylation compete for the same lysine target (e.g., PCNA [16] ), this does not seem to be the case in this instance. We also compared the physiologic properties of the K210R mutant with the parental XRCC4 protein by using the same transient-transfection approach. Under these conditions, V(D)J recombination of extrachromosomal substrates was almost equal in efficiency and fidelity. However, we now appreciate that the transient expression of XRCC4 does not recapitulate the normal regulation of the protein (discussed below). We grew concerned that transient expression of XRCC4 might not adequately mimic the normal behavior of the protein with regard to the regulation of protein modification or intracellular localization. These activities could be sensitive to the high protein levels per cell achieved by transient expression or to other effects on cell physiology by the process of transfection itself. For example, transfection alone is sufficient to raise p53 levels (41) . We therefore established cell lines with stable expression of FLAG epitope-tagged human XRCC4 protein or the K210R mutant integrated into the CHO.XR-1 parent. Individual clones were screened for the level of protein produced and qualitatively divided into high, moderate, or relatively low levels of XRCC4 on the basis of immunoblots directed against the FLAG epitope. A pair of cell lines expressing equal levels in the moderate range was analyzed by immunofluorescence microscopy to determine whether the wild-type XRCC4 protein and the K210R mutant showed the same subcellular localization. Cells in mid-log-phase growth were fixed and visualized by means of FITC-conjugated anti-FLAG antibody. Figure 5A shows the wild-type protein with diffuse nuclear localization and exclusion from the nucleoli. This is comparable to images made by using green fluorescent protein fusions of the normal protein (32) . Figure 5B shows the DAPI-stained nuclei, and Fig. 5C shows panel A again, overexposed to reveal some residual cytoplasmic staining. A dramatically different behavior was obtained using the matched K210R mutant cell line in Fig. 5D . The non-SUMOylatable mutated protein now localized almost entirely to the cytoplasm. Figure 5E and F are the DAPI-stained and merged views of the same cells. Even though the steady-state level of SUMOylation was only a few percent, these cells revealed a substantial difference in the distribution of the total protein associated with the inability to SUMOylate it. It appears that SUMOylation is a transient process associated, at least in part, with nuclear transport. This is further explored below.
The absence of XRCC4 from the nucleus in the K210R mutant cell lines might be expected to result in an equivalent absence of DNA repair activity. This was first tested by using a cell survival assay after exposure to graded doses of gamma radiation. Figure 6A represents the number of colonies, expressed as percentages, that grew after irradiation of 1,000 cells from each of three cell lines. The same cell lines were used in this analysis as presented in Fig. 5A and D, along with the control line generated by using the empty expression vector that does not encode XRCC4. This radiation-sensitive control cell line (labeled "empty vector") showed 6.5% survival at 143 rads and was entirely killed with a dose of 610 rads, In contrast, the resistant cell line carrying the wild-type XRCC4 showed 35% survival at 143 rads and 1.7% survival at 610 rads. Consistent with the immunofluorescence data, the cell line expressing the XRCC4 K210R mutated protein demonstrated radiation sensitivity that was very similar to that of the negative control. This cell line displayed 8% survival at 143 rads and complete killing at 610 rads.
The V(D)J extrachromosomal recombination substrates pJH200 and pJH290 were used to demonstrate the ability of these cell lines to complete the recombination reaction. As in the radiation sensitivity assay, Table 1 shows a difference of Ͼ5-fold in recombination efficiency between the wild-type XRCC4 and cell lines expressing the K210R mutated protein.
Note that the data for one of the recombination substrate plasmids, pJH200, have not been corrected by sequencing recombinant products. Hence, the factor of 5.3 difference between wild-type XRCC4 and the K210R mutant observed represents a conservative interpretation of the data and could represent an even greater difference if some of the rare recombinants are not legitimate V(D)J products. We pursued the role of SUMOylation by examining the behavior of the fusion protein formed by incorporating the SUMO peptide at the C terminus of the XRCC4 protein. This produces a protein that carries SUMO permanently, albeit not at the same location as when added naturally. A similar approach has previously been shown to redirect the localization of the NEMO protein to the nucleus, bypassing the requirement for regulated SUMOylation (17) . We obtained an analogous result. Returning to Fig. 5 , the control wild-type XRCC4 expressed as a SUMO fusion localizes to the nucleus (panels G to I). This is not surprising and serves to indicate that the fusion itself did not interfere with the protein stability or function (below). The interesting result was obtained by fusing SUMO to the C terminus of the K210R mutant (panels J to L). Now, the K210R mutation no longer prevents import, and the protein appears to be substantially nuclear. The SUMO fusion also restores XRCC4 function in the assay for radiation sensitivity. Figure 6B illustrates the activity in DNA repair of the same cell lines expressing the two SUMO fusion proteins in comparison to the wild-type XRCC4 and the cell line selected with the empty vector (therefore not expressing XRCC4). The SUMO-fusion of the K210R mutant now displays survival equivalent to the wild-type protein. Notably, the cell line expressing the empty vector showed only 11.7 and 2.4% viability at 200 and 400 rads, respectively, whereas the K210R mutant expressed as a SUMO fusion now yielded 53 and 18% viability under the same condition.
The final experiment explored the distribution of the SUMOylated form of XRCC4 (Fig. 7) . The cell line expressing the FLAG-tagged wild-type protein was solubilized into cytoplasmic and nuclear fractions. Figure 7A shows three lanes, representing the abundance of the SUMOylated form of XRCC4 protein in total (T), nuclear (Nu), and cytoplasmic (Cy) fractions, as visualized by immunoblot. Despite the localization of the bulk protein to the nucleus (as in Fig. 5A ), the SUMOylated form is almost entirely cytoplasmic. Figure 7B serves as a control for the fractionation, showing that histone H3 correctly distributes to the nuclear sample. The implications are discussed below.
DISCUSSION
The modification of proteins by the reversible covalent addition of a peptide is a flexible and powerful method of regulation. A large family of modifiers is recognized, and this is likely to continue to grow (49) . Among these are the SUMO proteins, which exist as a four-gene family in humans: SUMO-1, SUMO-2, and SUMO-3 (reviewed in references 13, 19, and 36) and . SUMOylation contributes to diverse physiologic functions, including the regulation of signaling pathways, transcription, and significantly for this report, the regulation of several components of DNA repair pathways. For example, p53 is regulated by a network of modifications that cause ubiquitin-mediated degradation during the uninduced state, and SUMOylation of p53 and several of its regulators (MDM2, p300, and HIPF2) upon induction (36) . SUMOylation appears to be responsible for the subcellular localization of some proteins. One example is topoisomerase I, which appears to require SUMOylation to exit the nucleoli after treatment with camptothecin (40) . Many other SUMOylated proteins localize to intranuclear structures called the PML nuclear bodies (reviewed in reference 19) , and the BLM helicase appears to move between PML bodies and DNA damage-induced foci under the regulation of SUMO (7).
We were intrigued by the observation that human XRCC4 contained potential SUMOylation motifs and found that human XRCC4 is SUMOylated both in vitro and in vivo. We found that mutation of a single lysine (K210) prevents the modification, making this the likely target for SUMO addition. We note that these studies were performed based on the human protein, and the sites we manipulated are not precisely conserved in the mouse gene. Experiments are ongoing to compare phylogenetic differences. Our interest in SUMOylation originated with the recognition that the E3 enzymes for this pathway frequently contain the RING motif. This protein structure is also common among the ubiquitin E3 enzymes and is found in the RAG1 protein important for V(D)J recombination (20, 45, 62) . However, we do not have evidence of a functional link between this aspect of RAG1 and the SUMOylation of XRCC4 at this time.
We found that only a small fraction of the XRCC4 pool, under 5% at steady state, appears to be SUMOylated. These data are derived from immunoblots of the protein expressed either transiently or in stably integrated expression constructs. Although the proportion of SUMOylated protein was similar on blots derived from these two methods of expressing the protein, we found a striking difference in the physiologic behavior between transient expression and expression at a lower level per cell obtained from integrated genes. When expressed transiently, the K210R mutant of XRCC4 was capable of complementing the defect in CHO.XR-1 cells and completed V(D)J recombination as effectively as its unmutated counterpart. In contrast, when expressed as an integrated transgene at a lower level of protein expression per cell, we found a considerable difference in behavior between cell lines expressing the K210R mutant versus the parental gene. In stable lines, the great majority of the XRCC4 K210R protein remained cytoplasmic. This change in localization was accompanied by a sensitivity to DNA DSBs and a sharp decrease in the ability to complete V(D)J recombination of test substrates. In retrospect, it appears that the failure to localize in the nucleus is not absolute. One explanation may be that a high level of expression of the mutant results in sufficient protein in the nucleus to complement the defect of CHO.XR-1 cells. We cannot exclude the possibility that the act of transient transfection itself could alter the fate of a DNA repair protein. Such a behavior has been noted with regard to the p53 protein (41) . In other studies, transient transfection did not lead to detectable levels of SUMOylated PML-RAR fusion protein (6, 22) , although this protein can be SUMOylated when expressed naturally. The authors of the second reference suggest that appropriate complex formation with other factors and subsequent localization to nuclear PML bodies must precede the modification. These concerns prompted our decision to use stable cell lines rather than transient expression for the later experiments. SUMO modification has been associated with nuclear import previously. It is already appreciated that Ubc9, the SUMO E2 ligase, modifies RanGAP1 and the two proteins remain associated while bound to the cytoplasmic filaments of the nuclear pore complex (63) . The SUMO-specific isopeptidase SENP2 is also associated with the nuclear pore and is located primarily on the nucleoplasmic side (11, 63) . This configuration could easily allow SUMOylation to be a transient feature of transport into the nucleus. We cannot say whether a defect in nuclear localization is the only activity affected by preventing SUMOylation of XRCC4. Other aspects of intranuclear regulation by SUMOylation are known. For example, the mismatch excision repair enzyme thymine DNA glycosylase (12) binds the T-G mismatch and cleaves the thymine to generate an abasic site. The unmodified form of the enzyme has a high affinity for that site and appears to remain there until SUMOylated by another enzyme later in the repair pathway. This reduces the affinity of the glycosylase for DNA and returns it into solution until the SUMO is removed, thereby restoring the enzyme to its initial state. DNA topoisomerases I and II (2, 18) and the BLM helicase (7) show changes in localization under control of SUMO as well. It might appear that the result presented in Fig. 7 suggests that there is no role of SUMOylation of XRCC4 within the nucleus. It is certainly the case that, in this experiment, the majority of the SUMOylated form was retained in the cytoplasm. We note, however, that this experiment was performed under normal growth conditions. We are interested in whether conditions of DNA damage may lead to changes in XRCC4 modification, analogous to the induction of SUMOylation of the XPC protein by UV damage (53) . It has also been reported that the degree of SUMO modification can be influenced by global stresses (23) .
Although the characterization of the present study has been performed using the SUMO-1 member of the SUMO family, the other SUMO family members are known to have behaviors distinct from that of SUMO-1 (1, 55) . It is therefore possible that additional complexity involving SUMOylation of XRCC4 will contribute to the regulation of this important DNA repair enzyme beyond its effect on cytoplasmic versus nuclear localization, perhaps through effects on the complexes it forms in the nucleus with other members of the DNA repair pathway.
In summary, we find that human XRCC4 can be SUMOylated in cells and that nuclear localization is itself regulated by the normally transient modification of the protein. The requirement for SUMOylation at K210 can be bypassed by incorporating SUMO at the C terminus of the protein.
